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Available online 9 May 2014Secondary water quality impacts can result from a broad range of coupled reactions triggered
by primary groundwater contaminants. Data from a crude-oil spill research site near Bemidji,
MN provide an ideal test case for investigating the complex interactions controlling secondary
impacts, including depleted dissolved oxygen and elevated organic carbon, inorganic carbon,
CH4, Mn, Fe, and other dissolved ions. To better understand these secondary impacts, this
study began with an extensive data compilation of various data types, comprising aqueous,
sediment, gas, and oil phases, covering a 260 m cross-sectional domain over 30 years. Mass
balance calculations are used to quantify pathways that control secondary components, by
using the data to constrain the sources and sinks for the important redox processes. The results
show that oil constituents other than BTEX (benzene, toluene, ethylbenzene, o-, m- and
p-xylenes), including n-alkanes and other aromatic compounds, play significant roles in plume
evolution and secondary water quality impacts. The analysis underscores previous results on
the importance of non-aqueous phases. Over 99.9% of the Fe2+ plume is attenuated by
immobilization on sediments as Fe(II) and 85–95% of the carbon biodegradation products are
outgassed. Gaps identified in carbon and Fe mass balances and in pH buffering mechanisms are
used to formulate a new conceptual model. This new model includes direct out-gassing of CH4
and CO2 from organic carbon biodegradation, dissolution of directly produced CO2, and
sorption with H+ exchange to improve pH buffering. The identification of these mechanisms
extends understanding of natural attenuation of potential secondary impacts at enhanced
reductive dechlorination sites, particularly for reduced Fe plumes, produced CH4, and pH
perturbations.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).Keywords:
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The adoption of natural attenuation via anaerobic biodeg-
radation is a well-accepted groundwater remediation strategy
for hydrocarbon contamination (National Research Council,
2000). Changes in concentrations of other components besides
hydrocarbons are often monitored to identify biodegradation-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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quality impacts of these “secondary” components. Secondary
plumes often consist of depleted dissolved oxygen (DO) con-
centrations, elevated concentrations of metals, other elevated
major ion concentrations, high dissolved CH4, and changes in
alkalinity and pH. A major concern is that these secondary
plumesmay continue to grow even as the original contaminant
plume shrinks. Thus, there is renewed focus on the water
quality impacts of secondary plumes at both hydrocarbon sites
(e.g. Brown et al., 2010) and sites where electron donor
addition is used to stimulate anaerobic biodegradation (AFCEE,
2004; Borden, 2006; Cox, 2009; Stroo and Ward, 2010). The
goal of this study is to increase understanding of the extent
and fate of secondarywater quality impacts to aid in the design
of electron donor addition approaches that minimize these
impacts.
Secondary water quality impacts include alterations to
the aquifer chemistry caused by biodegradation of a primary
electron donor input. Because of this broad and inclusive
definition the water quality impacts can involve multiple
geochemical processes that are coupled to both contaminant
biodegradation and biodegradation products. Thus, a second-
ary water quality impact-focused study requires extensive
data on geochemical reactions beyond the primary electron
donor. At most intentional electron donor addition remedi-
ation sites, chemical data are too limited to advance process
understanding. However, geochemical processes at hydro-
carbon spill sites also provide valuable insights into potential
consequences of electron donor addition. A crude oil spill site
near Bemidji, Minnesota has been intensively studied for
over 30 years (Essaid et al., 2011). The site was contaminated
on August 20, 1979, when a buried crude oil pipeline burst,
resulting in large oil pools at the water table. The oil
contaminants have attenuated by dissolution and biodegrada-
tion bymultiple terminal electron accepting processes (TEAPs).
Plume measurements reveal the progressive reduction of
dissolved oxygen (DO), Mn, and Fe, and methanogenesis
(Baedecker et al., 1993). Nitrate and sulfate concentrations
are low in the aquifer and do not play a major role as terminal
electron acceptors at the site; measured H2S concentrations
were typically b0.05 mg/L (Baedecker et al., 1993).
The extensive monitoring and process understanding at
Bemidji make it an ideal case study for looking beyond
natural attenuation to secondary groundwater quality im-
pacts. Our work does not attempt to exhaustively cover all
possible secondary processes at electron donor sites, but it
focuses on water quality concerns for which the Bemidji
research site provides a rich database. On-going investiga-
tions are considering additional plume effects such as the
sediment release of arsenic (Ziegler et al., 2013). Previous
studies at Bemidji have delineated secondary groundwater
plumes of dissolved organic carbon, depleted DO, elevated
Mn and Fe, and dissolved CH4 (e.g. Baedecker et al., 1993;
Cozzarelli et al., 2001). Some studies have focused on specific
geochemical aspects such as CO2 out-gassing (Sihota et al.,
2011), sediment-associated Fe (Tuccillo et al., 1999; Zachara
et al., 2004), and CH4 (Amos et al., 2005, 2011, 2012). Our
study extends previous work by integrating diverse data
through mass balance calculations. Previously Amos et al.
(2012) compared the electron donor supply to electron
acceptors supplied from solid phase Fe(III) and DO. To fullyaccount for the observed loss of Fe(III), they needed to
consider Fe-mediated anaerobic biodegradation of CH4, in
addition to biodegradation of other dissolved organic carbon.
Our current study presents a broader mass balance that
incorporates carbon sources and fates from the initial oil
phase constituents to all aqueous, solid and gas forms. In
addition it accounts for all Fe sources and fates, including sinks
of reduced Fe. Finally it includes other important properties
associated with redox processes, such as pH, alkalinity, and
additional aqueous ion concentrations. The results support an
updated conceptual geochemical model that incorporates new
additions to those presented in previous Bemidji studies.
2. Bemidji oil spill site description
On August 20, 1979, a buried crude oil pipeline ruptured
near Bemidji, Minnesota, releasing an estimated 1.7 × 106 L of
crude oil. Remediation efforts immediately following the spill
recovered about 1.2 × 106 L of crude oil (Hult, 1984). The
remaining oil infiltrated in three locations, creating separate oil
bodies consisting of a portion trapped in the unsaturated zone
and the remainder floating on the water table. Other than a
remediation campaign from 1999 to 2004 that removed
approximately an additional 1.14 × 105 L, the oil bodies have
been undergoing attenuation via natural processes in the
subsurface. The evolution of the resulting groundwater plumes
has been monitored and studied by the U.S. Geological Survey
Toxic Substances Hydrology Program in order to characterize
hydrological, chemical, and geological processes controlling
natural hydrocarbon biodegradation. The subject of ongoing
research, this site has been established as the National Crude
Oil Spill Fate and Natural Attenuation Research Site. This study
focuses on the northern-most oil body and groundwater
plume, known as the “north pool.” Fig. 1 includes plan-view
and cross-sectionalmaps of the north pool study domain, along
with the location of major observation wells and core samples.
The aquifer at Bemidji is comprised largely of silty sand
and gravel deposited as glacial moraines and outwashes,
interspersed with discontinuous lenses of silty material.
The mineralogical composition of the sediments follows the
predominantly crystalline and carbonate source rocks
from which the outwash originated, with the sandy fraction
including about 60% quartz, 5% dolomite and calcite, 30%
mixed plagioclase and K-feldspar, and 5% heavy minerals
(Bennett et al., 1993). The Ca–Mg–HCO3− composition of the
background groundwater indicates that equilibrium dissolu-
tion of carbonate minerals controls the aqueous chemistry
of the uncontaminated waters; higher Ca, Mg, and HCO3−
concentrations and similar concentration ratios in contami-
nated groundwater support continued control by carbonate
minerals (Bennett et al., 1993).
3. Methods
This work includes a compilation of previously presented
and new observations selected to understand the processes
controlling the secondary water quality impacts. On the
basis of data availability and to provide a representative
sampling throughout the 30-year history of the spill, four
time periods were chosen for this study: (1) the time of the
oil spill in 1979, (2) 1987 ± 2 years, (3) 1993 ± 2 years, and
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Fig. 1. Bemidji north pool cross-sectional study domain. a)Well locations and screen intervals for aqueous phase data for the three observation periods (+/−2 years)
considered in this study. b) Core locations and intervals for Fe sediment data for the two available observation periods. In this and all following figures, horizontal
distance is in reference to Well 421A (indicated with larger symbols in plot), approximately at the center of the oil body, and elevation is shown using the NAVD29
standard. The gray box outlines the reference rectangle around the area containing the oil body (see Fig. 3 for actual distribution of oil saturation).
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saturations and compositions; (2) concentrations of dis-
solved organic carbon, including the specific hydrocarbons
benzene, toluene, ethylbenzene, and xylenes (BTEX), as well
as non-volatile dissolved organic carbon (NVDOC); (3) solid
phase iron concentrations from sediment extractions (Fe(II)
and Fe(III)); (4) aqueous phase concentrations of inorganic
groundwater plume constituents and water quality parame-
ters including pH, DO, Mn2+, Fe2+, CH4, alkalinity, Ca2+, and
Mg2+; and (5) land surface efflux rates of CO2. The sources of
previously published data are listed in Table 1. Previously
unpublished results are noted in Table 1 as “this study”; the
methods used to obtain these data are discussed below.
Oil saturations (the ratio of oil volume to pore volume
[m3/m3]) for cores collected in 1998 were determined using
the method described in Hess et al. (1992). Background
concentrations of aqueous phase inorganic species were
estimated by equilibrating and charge-balancing average
data for 1987, 1988, 1992, 1993, and 1995 from well 310e,
which is located far up-gradient from any impacts by the
oil spill (about 200 m from the center of the oil body).
These data and also 1993 concentrations of Mn2+, alkalinity,
Ca2+, and Mg2+, and pH were obtained using the methods
described in Bennett et al. (1993) and Baedecker et al.(1993). Analyses of groundwater for BTEX for 2010 were
performed by the USGS National Water Quality Laboratory
(NWQL) in Denver, CO (http://nwql.usgs.gov/nwql.shtml)
using heated purge-and-trap gas chromatography/mass spec-
trometry. Concentrations of inorganic constituents in water
samples collected in 2008were determined using the following
methods. DO was measured in the field using a Chemetrics
(Midland, VA) V-2000 spectrophotometer (Chemetrics Oxygen
1 and 3). pHwasmeasured in the field using an Ultrameter pH
meter and In Situ Troll multiparameter probe. Mn2+, Fe2+,
Ca2+, andMg2+ concentrations were determined by ICP-MS at
the University of Texas, Austin. Alkalinity was determined in
the lab by endpoint titration using an autotitrator. Solid phase
iron data include measurements from two additional cores
collected in 2008 using the extractionmethod detailed in Amos
et al. (2012).
To standardize measurements and facilitate plume integra-
tion calculations for the mass balance analysis, all spatially
distributed data were adapted to a grid with the same 4.3 m
(horizontal) by 0.47 m (vertical) resolution using the following
procedure. For each well interval (for aqueous data) or core
segment (for sediment-associated data), all pixels covered
by that well interval or core segment were assigned the
correspondingmeasurement. If a grid cell was covered bymore
Table 1
Bemidji north pool data sources. “Inorganic aqueous species” includes dissolved O2, pH, alkalinity, CH4, Fe2+, Mn2+, Ca2+, and Mg2+; “Dissolved BEX” includes
benzene, ethylbenzene, and xylene; “NVDOC” includes non-volatile dissolved organic carbon; “Sediment-associated Fe” includes 0.5 M HCl extractions for Fe(II)
and Fe(III) measurements.
Data type Data source(s)
Initial/background Oil compositiona Eganhouse et al. (1993)
Oil saturationb 1990, 1992: Essaid et al. (2003), 1998: this study
Inorganic aqueous species This study
Sediment-associated Fe Tuccillo et al. (1999)
1987 ± 2 Dissolved BTEX Eganhouse et al. (1993), Baedecker et al. (1993)
NVDOC Eganhouse et al. (1993), Baedecker et al. (1993)
Inorganic aqueous Bennett et al. (1993), Baedecker et al. (1993)
Sediment-associated Fe Not available
1993 ± 2 Dissolved BTEX Cozzarelli et al. (2001)
NVDOC Cozzarelli et al. (2001)
Inorganic aqueous O2, CH4, Fe2+: Cozzarelli et al. (2001); others: this study
Sediment-associated Fe Tuccillo et al. (1999)
2008 ± 2 Dissolved BTEX This study
NVDOC Amos et al. (2012)
Inorganic aqueous CH4: Amos et al. (2011), others: this study
Sediment-associated Fe 2006–2007: Amos et al. (2012), 2008: this study
CO2 surface efflux Sihota et al. (2011)
Oil fatesa Baedecker et al. (2011), Thorn and Aiken (1998), Bekins et al. (2005)
a See Fig. 2 for more details on initial oil composition and fate data sources.
b Oil saturation data collected in 1990, 1992, and 1999 used to represent initial oil pool conditions.
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relative to the domain resolution), that grid cell was assigned
the average of the measurements for the same year. No
interpolation is carried out, which means that grid cells not
covered by any core segments or well intervals had no data
assigned to them.
Plume delineations of the various aqueous, sediment-
associated, and gas species were calculated from the available
measurements for the most recent observational time period
(2008 ± 2 years). We then integrated over a spatial interpo-
lation of concentrations (kmol/m3) within the plume area
(m2) to determine domain totals (kmol/m), in units of moles
per meter of aquifer thickness (where aquifer thickness is
the dimension perpendicular to the cross section). Uncer-
tainty ranges for the domain totals were calculated by
integrating over uniform plumes of 25th and 75th percen-
tile concentrations. Mass balance analysis of domain totals
was carried out for the different redox species using the
expected stoichiometries provided in Table 2. Although the
reactions are written for the representative oil compound
benzene, the differences in the mass balance calculations
that result from varying carbon oxidation states and
associated stoichiometries for individual oil constituents
are within the uncertainty ranges attributed to the domain
integration procedure. The plume delineation and integra-
tion procedure and Table 2 are described in detail in the
Supplementary information.Table 2
Bemidji redox reactions for model compound benzene (C6H6).
Aerobic degradation
Anaerobic degradation with Mn
Anaerobic degradation with Fe
Methanogenesis4. Results and discussion
4.1. Field data compilation and discussion
4.1.1. Oil body constituents and fate
A significant component of this study was the identifica-
tion of degradable oil constituents and their fates (see Table 1
for data sources). The four major categories of compounds in
the Bemidji oil are shown in the first row of Fig. 2. Saturated
hydrocarbons formed the largest percentage of the spilled oil
(58– 61%), followed by aromatics (33–36%), resins (4–6%),
and asphaltenes (1–2%) (Eganhouse et al., 1993). Within the
saturate fraction, n-alkanes were dominant, branched al-
kanes formed the second largest class, and alkylcyclohexanes
were present only in minor amounts. Observations after 20–
30 years showed that the n-alkanes and the alkyl side chains
of the alkylcyclohexanes had significantly degraded, while
the branched alkanes were largely unaffected by biodegra-
dation (Baedecker et al., 2011; Hostettler et al., 2007). The
aromatic fraction was mostly a complex unresolved mixture
that also included the BTEX compounds, together with
higher alkylated benzenes, naphthalenes, and phenanthrenes
(Eganhouse et al., 1993). Thorn and Aiken (1998) concluded
that biodegradation products of NC18 aromatics, resins and
asphaltenes in the oil (denoted as the ARA fraction) were the
source of the NVDOC in the contaminant plume, for which
they determined a representative stoichiometry of C19H24O6.C6H6 + 7.5O2 + 3H2O → 6HCO3− + 6H+
C6H6 + 15MnO2(s) + 24H+ → 6HCO3− + 15Mn+2 + 12H2O
C6H6 + 30Fe(OH)3(s) + 54H+ → 6HCO3− + 30Fe+2 + 72H2O
C6H6 + 6.75H2O → 2.25HCO3− + 3.75CH4 +2.25H+
nn
n
Oil
Loss
Fig. 2. Original pipeline oil composition (solid lines) and most recently measured fate (dashed lines). Boxed constituents on the level directly above dotted
horizontal line provided the basis for oil components used in this study. Entries below dotted horizontal line show oil loss pathways. Note that a significant oil
mass remains, and oil phase loss includes some dissolved organic carbon (mostly BEX and NVDOC) that has not fully degraded. Components and pathways
lacking data constraining are indicated with (?). Data sources: aEganhouse et al. (1993), bBaedecker et al. (2011), cThorn and Aiken (1998), dBekins et al. (2005),
eSihota et al. (2011), fHostettler et al. (2007), gAmos et al. (2012).
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of the oil was subdivided to facilitate the mass balance and
comparison with the available data. The n-alkanes were
divided into short chains, for which quantitative data were
available, and long chains, for which only relative concentra-
tions were available. BTEX was divided into BEX and toluene
for the following reasons. While significant benzene losses
from the oil have occurred, ethylbenzene andm- and p-xylenes
mostly remain in the oil, so these three were grouped as BEX.
Toluene was treated separately because it degraded rapidly in
the vicinity of the oil (Cozzarelli et al., 1994; Eganhouse et al.,
1993). The remaining ARA compounds were considered to be
precursors to NVDOC due to lack of quantitative data. Fig. 3
shows the spatially distributed oil saturation field that was
determined from borehole data and used to calculate oil
constituent concentrations for the mass balance. Detailed
methods used to determine representative stoichiometries
and the original and lost oil constituent fractions and con-
centrations are provided in the Supplementary information.
The lower part of Fig. 2 (below the dotted line) summarizes
observations on the fates of the degradable oil constituents.
Much of the oil persists at the water table. The hydrocarbons
lost from the oil followed one of two pathways: (1) dissolution
followed by migration and biodegradation or (2) biodegrada-
tion near the oil without significant migration (“oil-contactbiodegradation”). Previous results show that benzene followed
dissolution and migration before biodegradation (Baedecker
et al., 2011; Cozzarelli et al., 2001). Baedecker et al. (1993)
concluded from the low organic carbon content on sediments
that sorption is not a major attenuation mechanism of volatile
components of the dissolved organic carbon. The persistent
and growing plume of NVDOC suggests that a dissolution
and biodegradation progression could likely also be attributed
to the ARA precursors. In contrast, toluene and short chain
n-alkanes degraded either directly in contact or near the oil
body, without significant transport (Baedecker et al., 2011).
Because long chain n-alkanes were observed to degrade faster
than short chain n-alkanes (Bekins et al., 2005) and have lower
solubilities, we inferred that they also degraded directly in
contactwith the oil. For the fully degraded fraction of oil, C fates
included dissolved CH4 and inorganic carbon species, gas phase
CH4 and CO2, and precipitated carbonate minerals (details
provided in the Supplementary information).
The stoichiometric redox relationships assumed for the
biodegradation of all oil constituents are listed in Table 2.
Although the reactions are written for the representative
oil compound benzene, the differences in the mass balance
calculations that result from varying the individual oil
constituent are within other uncertainty ranges. The reaction
for methanogenesis in Table 2 combines multiple steps in the
Fig. 3. a) Locations of oil saturation [m3/m3] observations used in this study,
with the box corresponding to the oil body reference rectangle used
throughout this paper. Gray ‘○’: observations w/oil saturation negligible oil
(≤0.01); black ‘x’: observations with oil saturation N0.01. b) Fine resolution
interpolation of oil saturation observations from a). c) Interpolated oil
saturation results at the study domain resolution used for the mass balance
analysis.
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Further details for Table 2 are included in the Supplementary
information.
4.1.2. Fe bioavailability and fate
Dissolved Fe2+ is an important secondary water quality
impact that results from the reduction of Fe oxide minerals
during anaerobic biodegradation of organic carbon from the
oil. Quantification of bioavailable Fe(III), which represents
the amorphous and poorly crystalline fraction (Bonneville et
al., 2009; Munch and Ottow, 1983), was based on 0.5 M HCl
sediment extractions. Crystalline forms of Fe(III) do not
appear to be important at the Bemidji site. Although Zachara
et al. (2004) found significant depletion of crystalline Fe(III)
in one sample from the methanogenic zone, Ti-citrate-EDTA-
bicarbonate extractions by Tuccillo et al. (1999) did not
support widespread utilization of crystalline Fe(III). Fig. 4a
and c depicts the Fe(III) depleted during 1993–1995 and 2006–
2008, respectively. By 2006–2008, nearly all HCl-extracted
Fe(III) had been depleted within 120 m of well 421.
Previous microcosm experiments demonstrated that
only a small fraction of reduced Fe entered the aqueous
phase (Baedecker et al., 1993; Cozzarelli et al., 1994, 2010).
Fig. 4b and d confirms that significant Fe(II) was immobilized
on sediments. For 1993–1996 extraction results, theconcentration of accumulated Fe(II) matched the depleted
Fe(III) concentration the first 50 m of the plume but
re-oxidized Fe(III) complicated comparisons down-gradient.
For 2006–2008 extraction results, the concentrations
matched well at all distances, confirming the dominance of
immobilized Fe(II) on sediments documented in previous
studies (Bekins et al., 2001; Cozzarelli et al., 2001; Tuccillo et
al., 1999). The close match between 0.5 M HCl-extracted
Fe(III) depletion and Fe(II) accumulation lends further
confidence that crystalline Fe oxides were not a major factor
for Fe-mediated biodegradation at Bemidji.
The form of sediment-associated Fe(II) remains poorly
characterized. Similar to Baedecker et al. (1993) and Tuccillo
et al. (1999), we found saturation indices for siderite (FeCO3)
that often exceeded 0 (see the Supplementary information),
confirming thermodynamic feasibility for precipitation.
Scanning electron photomicrographs have revealed clumps
of ferroan calcite (Fe0.8Ca0.2CO3) (Baedecker et al., 1992;
Tuccillo et al., 1999) and siderite (Baedecker et al., 1992).
Zachara et al. (2004) similarly found evidence of ferrous
carbonate minerals, although they concluded that these
could not be definitively traced to Fe-mediated biodegrada-
tion. Atekwana et al. (2014) found the presence of magnetite
to be minor outside of the oil body. The importance of
sorbed Fe(II) at Bemidji remains largely unresolved, although
ferric oxide minerals and organic substances both have
significant sorption capacity. Tuccillo et al. (1999) estimated
15–20% of total Fe(II) to be organically bound, based on
0.1-M Na-pyrophosphate extractions. Zachara et al. (2004)
noted evidence of ion exchange involving Fe(II) but did not
conduct quantitative measurements. The potential role of
sorption is examined in light of mass balance calculations in
Section 4.2.
4.1.3. Cross-sectional geochemical evolution of the groundwater
plume
Cross sectional aqueous phase data over the three ob-
servational periods are shown for major redox species in
Fig. 5 and other important species in Fig. 6. Background
concentrations are shown as vertical reference stripes on the
left side of each plot.
Previous studies covering 1979–1997 showed that anaer-
obic conditions were established within a decade of the oil
spill (Baedecker et al., 1993). Biodegradation then proceeded
anaerobically by Mn and Fe reduction and by methanogenic
processes, which attenuated BTEX and NVDOC concentra-
tions (Cozzarelli et al., 2001; Essaid et al., 2003) releasing
secondary plumes of dissolved Mn2+, Fe2+, and CH4
(Baedecker et al., 1993). Saturation indices within the
plume support carbonate mineral dissolution as a source of
elevated Ca2+ and possibly Mg2+ concentrations (Bennett et
al., 1993; see also the Supplementary information).
This study extends observations from 1997 to 2008
(±2 years). Newdata indicate that highly reducing conditions
continued, such that depleted DO extended over the entire
study domain (200 m down-gradient from the oil body), and
Fe2+ and CH4 concentrations remained high near the oil
body. These plumes persisted despite a decrease in dissolved
benzene concentrations transported from the source (Bekins et
al., 2011). In recent years the secondary plumes were likely
sustained largely by biodegradation of NVDOC, which
Fig. 4. Comparison of sediment-associated Fe extraction results, including data from Tuccillo et al. (1999) and Amos et al. (2012), using a bulk density of 1650 g/L.
Concentrations are differences between local and background concentrations and are given relative to total volume in liters (Lv). Error bars show mean and
standard deviation of observations at the same horizontal distance from the oil body. Dotted lines and gray shading indicate background mean (“bg” in plot titles)
and one standard deviation, respectively, for uncontaminated up-gradient cores. a) and c) Negative HCl extraction results for Fe(III) minus background values
represent depleted amorphous Fe(III) for 1993–1995 and 2006–2008. b) and d) HCl extraction results for Fe(II) minus background values represent reduced
Fe(II) immobilized on sediments for 1993–1995 and 2006–2008. The y-axes in b) and d) are plotted in reverse so that accumulated Fe(II) can be directly
compared against depleted Fe(III) in a) and c).
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Fig. 5, molar concentrations of NVDOC were about three times
higher than those of BEX. Moreover, the representative
stoichiometry for NVDOC (C19H24O6) contains 19 carbons per
mole compared with just 6 in the model compound for BEX,
making it a much larger electron donor source.
As with earlier studies, dissolved Mn2+ concentrations
continued to be about an order of magnitude lower than Fe2+
concentrations (apart from a brief appearance of higher
levels in 1987). This observation, together with low bioavail-
able Mn(IV) oxide estimates of ≪1.5 μmol/g from extrac-
tions by M.E. Tuccillo (pers. comm.), indicates that Mn oxides
provided a much less important electron acceptor source for
biodegradation than Fe oxides. By 2009, decreased concen-
trations around the oil body indicate that Mn2+ reduction
was no longer an active TEAP near the source zone.
Co-occurring Fe reduction and methanogenesis noted
previously (Bekins et al., 1999; Cozzarelli et al., 2010; Curtis
et al., 1999) continued near the source zone. CH4 concentra-
tions remained elevated near the oil body in 2007 (Fig. 5),
but attenuated down-gradient in an area coinciding with
depleted sediment Fe(III) and accumulated Fe(II). Amos et al.
(2011, 2012) attributed the CH4 losses to aerobic and
Fe-mediated anaerobic methane oxidation, respectively. The
secondary Fe2+ plume was attenuated to a similar extent as
the CH4 plume, at around 100 m past well 421.
High alkalinity and low pH plumes appeared by 1987 and
spread rapidly beyond 200 m past well 421 by 2009 (Fig. 6).
The lack of attenuation of the alkalinity plume compared toBEX, NVDOC, CH4, and Fe2+ is not surprising, because all TEAPs
result in production of carbonate species, with none of the
reactions directly lowering alkalinity (Table 2). All TEAPs also
affect pH, but with opposite outcomes; aerobic biodegradation
and methanogenesis both produce H+ while Mn- and
Fe-mediated anaerobic biodegradation consume H+ (Table 2).
The observed low pH under Fe-reducing conditions motivated
the representation of co-occurring methanogenesis in the
modeling study of Curtis et al. (1999). However, the proposed
occurrence of Fe-mediated anaerobic methanotrophy by Amos
et al. (2012) would reverse some of the pH buffering provided
by methanogenesis.
In the future, the depletion of sediment Fe(III) close to the
oil body (Fig. 4) may lead to greater rates of methanogenesis
and higher CH4 concentrations and/or efflux. Although Fe
reduction would no longer provide a source for the Fe2+
plume, the large reservoir of sediment Fe(II) may be
remobilized. Release of Fe2+ to the plume is particularly
likely given that increased methanogenesis will lead to
decreased pH (see Table 2), which can promote both
dissolution of carbonates and desorption of cations.
4.2. North pool mass balance
4.2.1. Elemental (C, Fe, and DO) mass balance calculations
Table 3 presents mass balance calculations of cross
sectional domain totals 30 years after the spill for 1) the oil
constituent carbon inputs and their fates, 2) the Fe mineral
inputs and fates, and 3) the estimated DO consumption.
Fig. 5. Cross-sectional observations of dissolved redox species for the three target time periods chosen for our data compilation. Plots include data from the year
closest to the target year for which data were available and are adapted to our study domain resolution. Left-hand vertical reference stripes indicate the
background concentrations, determined from up-gradient well observations. Note that the vertical stripes are drawn for easier visualization and do not represent
the actual up-gradient well locations and lengths. The boxes correspond to the oil body reference rectangle. The polygons outline the plume extent for the
corresponding component, and were determined using the procedure described in the text.
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which were determined using the initial time molar concen-
trations (as described in the Supplementary information)
and the observed or estimated fraction remaining in 2008.
Fig. 2 shows remaining fractions in 2008 for volatile oil
constituents from Baedecker et al. (2011). We extrapolated
forward our estimate of 50% remaining long chain n-alkanes
in 1999 to 2008 assuming a first-order kinetic decay rate.
Bekins et al. (1998) found that extending a first-order decay
coefficient over this fractional loss range is likely to produce areasonable approximation. Uncertainty in absolute carbon
inputs from long chain n-alkanes also resulted from a lack of
quantitative measurements of initial amounts in the original
oil. Our calculation in Table 3 assumed an initial amount of
35% of the original oil, selected from the possible 25–40%
range shown in Fig. 2.
Data on the amount of ARA precursors for NVDOC
lost from the oil were unavailable and we instead applied
electron (e−) balance results of Amos et al. (2012). Using
2010 NVDOC data over the distance interval 45 to 125 m in
Fig. 6. Cross-sectional observations of additional aqueous parameters and species for the three target time periods chosen for our data compilation. Plots include
data from the year closest to the target year for which data were available and are adapted to our model resolution. Left-hand vertical reference stripes indicate
the background concentrations, determined from up-gradient well observations. Note that the vertical stripes are drawn for easier visualization and do not
represent actual up-gradient well locations and lengths. The boxes correspond to the oil body reference rectangle. The polygons outline the plume extent for the
corresponding component, and were determined using the procedure described in the text.
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rate of 463 mol e−/year released from NVDOC biodegrada-
tion. We linearly extrapolated this rate over 30 years and
applied the oxidation state conversion of C19H24O6 to
estimate total loss of ARA fraction from the oil. This neglected
the amount remaining in aqueous form in 2010, but this was
minor compared to the amount of NVDOC degraded (see
NVDOC in Table 3). As noted by Amos et al. (2012), their
calculated e− transport rate for NVDOC may be high, due to
greater concentrations in 2010 compared to earlier periods
(Fig. 5). However, this high bias may be somewhat offset in
our study because of the larger domain we considered. In
addition to C contributions from the oil, we also considered
inputs from calcite dissolution. Although cation exchange
may also contribute to the Ca2+ plume, saturation index
calculations support calcite dissolution as an important
source (see the Supplementary information). We assumed
that Ca2+ concentrations above background conditions
resulted entirely from calcite dissolution, and we quantified
the released carbonate using the domain-integrated total of
elevated Ca2+.
The fate of carbon inputs from the oil body and carbonate
minerals includes transformation into carbon compounds in
dissolved, gas, and solid phases. For dissolved compounds
(dissolved BEX, NVDOC, dissolved CH4, and dissolvedcarbonate species), plume delineation and integration calcula-
tions were carried out for observed 2008 concentrations above
background. The dissolved carbonate species total, indicated as
“DIC” (dissolved inorganic carbon), was calculated using pH
and alkalinitymeasurements. Alkalinity values were presumed
to be predominantly carbonates because the total measured
concentrations of low molecular weight organic acids in the
contaminant plumewere typically less than 1 mg/L (Cozzarelli
et al., 1994) and would therefore have contributed little to the
total alkalinity measured by acid titration (Baedecker and
Cozzarelli, 1992).
To quantify total observed outgassing of degraded carbon
products, which include CO2 and CH4, we spatially integrated
the areal rate of surface efflux in 2009 from Sihota et al.
(2011) by attributing it uniformly over the 50-m interval
with elevated efflux. Temporally extrapolating the 2009
efflux measurements over the 30 years following the spill
was less straightforward. Less out-gassing may have occurred
before dissolved gases reached sufficiently high total partial
pressure, but greater out-gassing due to the biodegradation
of higher oil concentrations was also possible. Additionally,
early carbon efflux may include significant direct volatiliza-
tion of un-degraded hydrocarbons. Using unsaturated zone
gas concentration measurements and transport model sim-
ulations, Chaplin et al. (2002) determined a 1985 rate of
Table 3
Elemental bass balance results for C, Fe, and DO. Results represent integrated
totals in the study domain cross-section at 30 years after the spill and are
reported in moles per aquifer thickness. Values in parentheses represent
uncertainty ranges. For components assessed using plume integrations,
uncertainty ranges are determined according to 25th and 75th percentile
plume concentrations (details in the Supplementary information). C efflux
uncertainty corresponds to the standard deviation of efflux measurements
in Sihota et al. (2011). DO uncertainty is determined based on a range of
assumed areas with DO consumption (details in text). Most results are
from direct observations. Poorly constrained components are derived
using assumptions and/or other geochemical species and are indicated
with superscripts.
Oil composition [kmol C/m] Initial (0 years) Final (30 years)
BEX 5.83 5.09
Toluene 2.04 0.00
Short chain n-alkanes 40.29 20.14
Long chain n-alkanesa 192.21 19.00
ARA fractionb 169.65 112.65
Total: 410.01 156.872
C balance [kmol C/m] At 30 years (uncertainty)
Inputs:
Oil loss of:
BEX 0.74
Toluene 2.04
Short chain n-alkanes 20.14
Long chain n-alkanesa 173.21
ARA fractionb 57.00
Calcite dissolnc 0.85 (0.76, 1.29)
Total: 253.98
Fates:
Dissolved BEX 0.04 (0.03, 0.05)
NVDOC 0.57 (0.44, 0.62)
CH4(aq) 0.09 (0.05, 0.11)
DIC 3.42 (2.75, 5.10)
Siderite precipd 14.59 (10.92, 15.94)
C effluxe 86.09 (57.71, 114.48)
Total: 104.80 (71.91, 136.29)
Fe balance [kmol Fe/m] At 30 years (uncertainty)
Inputs:
Sediment Fe(III) loss 14.96 (12.94, 17.53)
Total: 14.96 (12.94, 17.53)
Fates:
Fe2+(aq) 0.06 (0.07, 0.09)
Sediment Fe(II) incr. 14.59 (10.92, 15.94)
Total: 14.64 (10.99, 16.02)
DO balance [kmol O/m] At 30 years (uncertainty)
Inputs:
Initial domain 0.10 (0.06, 0.15)
Upgradient flux 0.22 (0.14, 0.31)
Recharge 0.20 (0.13, 0.27)
Entrapment 0.40 (0.25, 0.55)
Total: 0.92 (0.57, 1.28)
Fates: All consumed by aerobic degradation
a Assumes flong = 0.35 and 1st order decay model.
b Based on Amos et al. (2012) e− transport flux results.
c Inferred from Ca2+ data.
d Inferred from Fe data.
e Linear integration of 2009 observed rate.
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lates to 6.4 μmol/m2/s (assuming a purely C4H10 composi-
tion), or about 3.5 times the 2009 efflux rate determined by
Sihota et al. (2011). However, by 1997, they found asignificantly diminished hydrocarbon volatilization rate
(6.11e−4 kg/m2/d), as attenuation shifted predominantly
to biodegradation, indicating that extrapolations of
CO2 + CH4 efflux measurements in 2009 from Sihota et al.
(2011) may provide a reasonable long-term representation
of outgassing. We therefore assumed that the 2009 efflux
represented the average rate over the entire period.
Solid phase carbon sinks were considered possible based
on observed clumps of Fe(II) carbonates such as siderite and
ferroan calcite in oil source zone samples (Baedecker et al.,
1992; Tuccillo et al., 1999; Zachara et al., 2004) and
calculated saturation indices above one for siderite (FeCO3)
(see the Supplementary information). The removal of carbon
through precipitation in Table 3 was estimated according to
Fe mass balance results, with the assumption that all Fe(II)
accumulated on sediments was in the form of siderite. This
represents an upper limit, because Fe(II) is also sorbed
(Tuccillo et al., 1999; Zachara et al., 2004).
Fe mass balance calculations included inputs to the plume
from the reduction of mineral Fe(III), and it included sinks in
the form of aqueous phase and sediment-associated Fe(II)
at the final observation time period. Domain-integrated
totals were determined for 2006–2008 core measurements
of depleted Fe(III) and elevated Fe(II) and for 2009 well
measurements of elevated Fe2+. Note that although an
uncertainty range was estimated (Table 3), we may have
under-estimated the area of the cross-section with reduced
iron, due to lack of cores down-gradient from 135 m. How-
ever, near-background 2009 dissolved Fe2+ concentrations
farther down-gradient indicate that the available sediment
samples covered most of the Fe-reducing plume. The elevated
(above background) sediment-associated Fe(II) total was used
to estimate the solid phase carbon sink.
For the DO mass balance, we assumed that aerobic
biodegradation reactions consumed DO from initial concentra-
tions present in surrounding areas of the oil body, from inputs
across the water table, and from up-gradient fluxes delivered
to the source zone. To bracket the estimate, we calculated a
lower domain total by considering oxygen consumption from a
small area around the oil body, consisting of our representative
oil body rectangle and areas of the study domain that are
up-gradient from the rectangle. We calculated a higher value
by extending the lower boundary down to 420 melevation and
the distal boundary to 100 m down-gradient from well 421. In
our calculations, we assumed that recharge water directly
above the oil body and up-gradient from the oil body had half
as much DO as background water, similar to Essaid et al.
(2003). We approximated DO inputs from bubble entrapment
to be twice the value from recharge, based on results from
Amos et al. (2012).
4.2.2. Elemental (C, Fe, and DO) mass balance discussion
Carbon mass balance results (Table 3) show that total
calculated inputs (253.98 kmol C/m) are not balanced by
total calculated fates (104.80 kmol C/m). This lack of C
balance is due to the fact that components least constrained
by data include those that make up the most significant
fractions of the overall mass of C: long chain n-alkanes, ARA,
the 30-year extrapolation of C efflux, and precipitated
carbonate as siderite. The high bias in the ARA fraction loss
estimate, discussed in Section 4.2.1, is a known source of
Fig. 7.Mass balance results for all carbon species in the study cross-sectional
domain, 30 years following the spill. a) Domain-integrated totals for the oil
constituent categories: BEX (B), toluene (T), short chain n-alkanes (S), long
chain n-alkanes (L), and ARA fraction that give rise to NVDOC (A). Results
are shown for the initial time of spill and for the end of the study period.
b) Domain-integrated totals for C inputs into the plume and C fates at the
end of the study period. Inputs include oil loss from the different oil
constituent categories (same abbreviations as in a)) and from calcite
dissolution (Cal. diss). Fates include dissolved BEX (B diss.), NVDOC,
dissolved CH4 (CH4(aq)), DIC, C efflux (Ef), and precipitated carbonate as
siderite (Sid). Asterisk (*) indicates greater quantification uncertainty for
long chain n-alkanes, ARA fraction, time-integrated C efflux, and siderite
(see text for details). Percentages are relative to the total for a specific group,
e.g. 0.30% of the total initial oil is BEX and 0.32% of the total C inputs into the
plume is from BEX.
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insights into the relative importance of the various oil
constituents and the processes controlling them.
The largest contribution of C inputs is clearly from oil loss
of n-alkanes and ARA precursors of NVDOC, which also
comprise the greatest fractions of the original oil (Fig. 7). The
importance of n-alkanes and NVDOC is noteworthy, consid-
ering that these oil fractions were largely omitted in previous
Bemidji groundwater modeling studies. Amos (2006) includ-
ed a representative butane component for n-alkanes, but the
focus was on vadose zone vapor pressure and oil data
constraints were not included. Essaid et al. (1995) incorpo-
rated NVDOC biodegradation, but it was represented as an
intermediary degradation product originating from VDOC(mostly BTEX). Although oil loss of n-alkanes and the ARA
fraction contributed the greatest fraction of C inputs to the
plume, they persist as the major oil constituents 30 years
after the spill (Fig. 7a) and thus will likely continue to drive
biodegradation impacts in the aquifer.
Looking at C fates, the importance of secondary plume
impacts is apparent from Fig. 7b, with aqueous forms of the
oil constituents (dissolved BEX and NVDOC) comprising less
than 1% of the total C sinks. The prominence of secondary gas
and solid phases is most dramatic, with these accounting for
96% of the estimated C fates. Our current estimate of C efflux,
based on 2009 measurements, makes up 82.15% of calculated
C fates and likely plays the major role in closing the carbon
balance gap, possibly due to higher efflux in the past
compared to 2009. Note that the range reported in Table 3
corresponds to the standard deviation of 2009 efflux data,
which severely under-represents uncertainty in the tempo-
rally integrated efflux derivation. If we attributed the entire C
balance gap between estimated C inputs and fate in Table 3
(149.18 kmol C/m) to higher C efflux before 2009, this would
result in a 30-year total efflux of 235.27 kmol C/m, which
would account for 93% of the total C inputs. This upward-
adjusted efflux estimate approaches vadose zone model
results by Molins et al. (2010) showing N98% of degraded C
outgassing. In contrast to the efflux estimate, a greater
precipitated carbon sink cannot be used to address the C
imbalance because the result shown in Fig. 7b already
represents an upper limit with the assumption that all
sediment-associated Fe(II) is in the form of siderite.
Consistent with spatially distributed Fe extraction results
in Fig. 4, plume-integrated totals for Fe inputs and outputs
were very well-balanced (Table 3), with nearly all (99.6%) of
the total Fe(II) appearing on sediments. In fact, the total
dissolved Fe2+ amount was much smaller than the uncer-
tainty range attributed to the sediment-associated pools,
indicating that it may be difficult to predict Fe2+ secondary
water quality impacts based on bioavailable Fe mineral
concentrations.
With the stoichiometric relationships listed in Table 2, the
DO consumption estimate corresponds to the biodegradation
of 0.37 kmol/m organic carbon, compared to 2.93 kmol/m
coupled to the full Fe reductionmass balance. This calculation
for Fe-mediated biodegradation includes possible anaerobic
methane oxidation proposed by Amos et al. (2012), because
the oxidized CH4 is an intermediary carbon form between the
original organic carbon and the final carbonate species. Our
results highlight the importance of Fe reduction over aerobic
processes at the site, consistent with findings by Essaid et al.
(1995) and Amos et al. (2012). However, the comparison of
secondary plume impacts by different TEAPs is incomplete
without the consideration of methanogenesis. The relative
role of all TEAPs is further investigated with the inferred
mass balance calculations of DIC and H+.
4.2.3. Inferred DIC and H+ mass balance
The inferredDIC andH+mass balances presented in Table 4
provide a way of evaluating the relative effects of different
redox, mineral dissolution and precipitation, and sorption
processes that couple the C, Fe, and DO mass balances. The
DIC mass balance also provides insight into the aqueous phase
portion of the C balance. We inferred DIC inputs from each of
Fig. 8. Mass balance results for domain-integrated DIC over the 30-year
study period. Inferred DIC production is determined according to geochem-
ical reactions: aerobic degradation, Fe reduction, methanogenesis, and
calcite dissolution. Contribution from methanogenesis is calculated for the
observed CH4(aq), which adds a nearly negligible DIC amount compared to
other sources, as well as for outgassed CH4 that is inferred from CH4(aq) (see
text for details). DIC fates include the observed DIC and an inferred amount
that precipitates as siderite, based on observed sediment-associated Fe(II).
DIC inputs corresponding to gas-phase CH4 and DIC removal through
siderite are the most poorly constrained components of the DIC balance and
likely account for the mismatch between sources and sinks.
Table 4
Inferred DIC and H+mass balances. Entries other than DIC are derived from
components of the elemental mass balances using stoichiometric relation-
ships of assumed mineral phases and redox reactions in Table 2. Values in
parentheses represent uncertainty ranges and correspond to the uncer-
tainties found for components used in the inferred mass balances.
DIC balance [kmol C/m] At 30 years (uncertainty)
Inputs from:
Aerobic degradation 0.37 (0.23, 0.51)
Fe reduction 2.93 (2.20, 3.21)
Methanogenesis
CH4(aq) 0.06 (0.03, 0.07)
Inferred CH4(g) 0.13 (0.07, 0.15)
Calcite dissolution 0.85 (0.76, 1.29)
Total: 4.34 (3.29, 5.22)
Fates:
DIC 3.42 (2.75, 5.10)
Siderite precipitation 14.59 (10.92, 15.94)
Total: 18.00 (13.67, 21.03)
H+ balance [kmol H+/m] At 30 years (uncertainty)
Inputs from:
Aerobic degradation 0.37 (0.23, 0.51)
Methanogenesis
CH4(aq) 0.06 (0.03, 0.07)
Inferred CH4(g) 0.13 (0.07, 0.15)
Total: 0.56 (0.33, 0.73)
Consumption by:
Fe reduction 26.36 (19.78, 28.84)
Total: 26.36 (19.78, 28.84)
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from calcite dissolution (discussed above). Domain totals of
DIC produced by aerobic and Fe-mediated biodegradation
were equivalent to their corresponding organic carbon bio-
degradation amounts. Based on order of magnitude lower
Mn2+ concentrations compared to Fe2+ concentrations, we
did not consider Mn-mediated biodegradation in the mass
balance. Calculations of DIC coupled to the total dissolved
CH4 through the methanogenesis reaction were minor (Fig. 8).
However, this calculation does not account for CH4 that
outgassed. Amos and Mayer (2006) estimated with a reactive
transport model that up to 70% of total produced CH4 was
outgassed from solution. Using this estimate of 70% outgassing
with the observed domain total of dissolved CH4 provides a
30-year total of 0.219 kmol/m outgassed CH4 from solution,
which would have associated DIC inputs shown in Fig. 8. Even
with this additional DIC input, Fig. 8 indicates Fe reduction to
be the most important source of DIC (67.57% of total inputs),
with other redox reactions (aerobic biodegradation and
methanogenesis) providing less than calcite dissolution.
It is important to note that the CH4 production calculated
from the dissolved CH4 domain total is far lower than the
estimated 30-year efflux in Table 3. The methanogenic
conditions in the oil body and the low solubility of CH4
compared to CO2 create conditions in which efflux is dominat-
ed by CH4. Based on our efflux estimate, up to 99.98% of total
CH4 produced was outgassed, and total CH4 produced was 26
times the domain total of DIC. These CH4 outgassing results are
dramatically higher than the CH4 outgassing simulations of
Amos and Mayer (2006), which were calibrated to aqueous
concentrations. The very low domain total of dissolved CH4
compared to DIC (Fig. 7b) suggests that much of the CH4 effluxmight enter the gas phase without cycling first through the
aquifer as dissolved CH4. In other words, the oil-contact
biodegradation processes contributing to the efflux estimate
in Table 3 have a somewhat limited effect on the plume, raising
questions about how exactly efflux is coupled to the aqueous
phase.
Fig. 8 shows that estimated DIC fates, which consist of the
DIC pool and precipitated siderite, exceed inputs by over a
factor of 4. The inferred DIC imbalance could be attributed to
over-estimated fates, under-estimated sources, or both. The
discrepancy between calculated inputs and fates is nearly
equal to the entire precipitated C sink (Fig. 8), indicating that
characterizing all sediment-associated Fe(II) as siderite is a
significant over-estimate. This unrealistically high upper
bound calculation of siderite production supports the im-
portance of Fe(II) sorption. The DIC gap also indicates that we
may be under-estimating the aqueous phase impact of the C
efflux, for which uncertainty was acknowledged above.
Previously, Molins et al. (2010) showed with vadose zone
simulations that gas phase flux of CH4 was 10 times greater
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downward in the dissolved phase. Moreover, Amos et al.
(2005) needed a 4:1 ratio of dissolved CO2-to-CH4 additions
for a degassing batch model calibrated to aqueous phase data
from the plume.
H+ implications were inferred from DO consumption,
reduced Fe, and CH4. Similar to the DIC mass balance, we
considered plume pH impacts from inferred CH4 outgassing
based on the results of Amos and Mayer (2006). H+ mass
balance calculations were made using the stoichiometry of
Table 2, and assuming that all carbonate species produced
were in the form of HCO3−, the major carbonate specie at the
observed pH range. This approach is approximate due to
unrepresented hydroxide and carbonate chemistry, but results
in Table 4 clearly indicate a deficit of H+. Although Curtis et al.
(1999) found simultaneous methanogenesis with Fe reduction
to be effective for matching observed low pH, ourmass balance
results indicate potential problems with methanogenesis
serving as a sole buffering source. The H+ demand due to the
well-constrained Fe reduction balance (26.359 kmol H+/m)
significantly exceeds the increase in H+ inferred from
methanogenesis and consumed DO (0.557 kmol H+/m). H+
contributions from outgassed CH4 production may be
under-estimated, consistent with our inferred DIC mass
balance results, but uncertainty in this pathway opens the
possibility of other pH-related processes. Together with an
unresolved form of sediment-associated Fe(II), the gap in the
H+mass balance alsomotivates a conceptualmodel for the site
that includes significant sorption of H+-exchangeable Fe(II).
5. Proposed conceptual model
Using the 30-year domain-integrated carbon, iron, and
DO balances and their implications for inferred DIC and H+
balances, we established the importance of different oil
constituents for fully representing electron donor inputs, Fe
oxide reduction as a prominent TEAP, and efflux as a key
carbon sink. It is also apparent from the mass balance
analysis that unresolved processes include: a pathway for
significant organic carbon biodegradation to direct carbon
efflux, mechanisms for inputting DIC into the groundwater
plume, and a strong pH buffering capacity. Based on the
compiled data, these processes must not require additional
DO or Fe reduction, and they must not incur higher than
observed dissolved CH4-to-DIC ratios.
These mass balance results suggest a conceptual frame-
work in which some patches of the oil body are relatively
isolated from the flow system, thereby allowing oil-contact
biodegradation of low solubility degradable oil constituents,
with most biodegradation products (CH4) directly outgassing
without first entering aqueous solution. Such direct out-
gassing may be expected because of the floating nature of the
oil body along the water table, which exposes upper portions
to the unsaturated zone and facilitates direct outgassing. This
direct-outgassing conceptualization provides a pathway for
closing the carbon balance, without violating aqueous mass
balance results.
Although a high direct outgassing rate is consistent with
observed efflux, it is unlikely that the aquifer chemistry is
entirely unaffected by oil-contact biodegradation. Whereas
most oil-contact biodegradation results in direct out-gassing,some fraction of CO2 produced dissolves and is transported to
the water table, contributing to both observed high DIC
amounts and low pH. We assume preferential CO2 dissolu-
tion over CH4 because of the high volatility of CH4. If oil-
contact n-alkane biodegradation takes place exclusively as
methanogenesis, ample amounts of CO2 would be produced
that can account for the DIC totals found in the plume.
Addition of CO2 below the water table also helps meet the
need for sources H+.
Although our proposed oil-contact biodegradation con-
ceptual model provides a source of low pH groundwater via
CO2 dissolution, transport time of the low pH plume from the
oil body limits its buffering capacity for down-gradient iron
reduction in the first few years following the spill. As
mentioned before, although some Fe(II) may be precipitated
as carbonates, sorption on available organic substances and
iron oxides is also likely, especially given the unrealistically
high carbonate sink that would result with only siderite
precipitation. This result, together with the need for pH
buffering processes, supports a model in which Fe(II)
sorption mobilizes H+, thus providing a co-located pH
buffering mechanism.
6. Summary and conclusions
In this study, a full suite of electron donor and acceptor
observations are quantitatively examined through a mass
balance analysis that depicts short- and long-term secondary
water quality impacts of a crude oil spill near Bemidji, MN and
provides insights into diverse geochemical processes control-
ling those impacts. Secondary groundwater quality impacts at
Bemidji include depleted DO, elevated DOC, Mn, Fe, CH4, DIC,
Ca2+, Mg2+, and decreased pH. Our mass balance results show
that most of the carbon inputs driving secondary plumes stem
from n-alkanes and from ARA oil components that form
NVDOC, and a small fraction originates from BTEX. However,
a substantial fraction of the carbon biodegradation products is
outgassed (82–93%) and does not affect the groundwater,
highlighting the relevance of the gas phase in secondary water
quality impacts. Of the aqueous phase carbon fates, the CH4
plume is slow-growing and plume totals are small compared
to elevated DIC. This indicates that although there is early
onset of methanogenesis, CH4 attenuates through aerobic or
Fe-mediated methane oxidation and out-gases significantly.
Fe mass balance calculations establish the importance of Fe
oxides as a major TEAP, accounting for an order of magnitude
more organic carbon biodegradation than aerobic processes
and likely providing much of the elevated DIC plume over the
30 years. Extraction results reveal that nearly all of the reduced
Fe is immobilized on sediments (N99%), providing a major
attenuation mechanism for the slow-growing Fe plume. This
reservoir of reduced Fe on sediments may become a future
source for the dissolved Fe2+ plume, since recent 2008
extractions show that the supply of bioavailable Fe(III) is
nearly exhausted. The form of the sediment-associated Fe(II)
has been largely unresolved, but assuming all Fe(II) precipi-
tates as carbonates has severe carbon balance implications,
thus supporting a substantial sorbed component.
Our findings based on the wealth of available data at
Bemidji highlight important measurement types that should
be collected at sites with SWQI concerns, such as at anaerobic
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the water quality parameters of concern to practitioners
implementing a remediation program. Given the methano-
genic conditions commonly induced at bioremediation sites,
C efflux should be monitored as part of any effort to quantify
plume inventories based on electron donor mass additions.
Sediment extractions of Fe, including both Fe(II) and Fe(III)
concentrations, are critical for assessing both the source and
attenuation of Fe2+ plumes.
Our mass balance calculations also identify important gaps
in our understanding of geochemical processes controlling
redox conditions at Bemidji, which may similarly affect other
sites with SWQI concerns. Although significant, the concentra-
tion of Fe oxide minerals falls far short of providing sufficient
electron acceptors for the large pool of degraded oil constitu-
ents, nor can it fully account for the significantly elevated levels
of DIC. Fe reduction also has a strong pH consequence, with
an associated H+ consumption not easily buffered by the
methanogenic activity implied by low CH4 plume totals. Low
dissolved CH4 concentrations also make it difficult to attribute
the significant oil loss amounts to methanogenic biodegrada-
tion in a straight-forward manner. Characteristics of the oil
body and mineral phases gleaned from diverse data motivate
a proposed conceptual model that address these issues and
includes:
• Direct outgassing of CH4 produced from biodegradation
of oil constituents within the oil body (a pathway for
significant organic carbon biodegradation to carbon efflux)
• Dissolution of small amounts of CO2 in groundwater from
oil-contact biodegradation constituents (a mechanism for
inputting DIC into the plume, and pH buffering source)
• Sorption involving Fe2+ and H+ (a form for Fe(II)
immobilization, and a pH buffering source).
These proposed processes are further evaluated using a
reactive transport model in a future study.
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